Abstract Driven by pulse modulated radio-frequency source, the behavior of SiH4/N2/O2 plasma in capacitively coupled discharge are studied by using a one-dimensional fluid model. Totally, 48 different species (electrons, ions, neutrals, radicals and excited species) are involved in this simulation. Time evolution of the particle densities and electron temperature with different duty cycles are obtained, as well as the electronegativity n SiH The results show that, by reducing the duty cycle, higher electron temperature and particle density can be achieved for the same average dissipated power, and the ion energy can also be effectively reduced, which will offer evident improvement in plasma deposition processes compared with the case of continuous wave discharge.
Introduction
Silicon oxynitride (SiO x N y ) thin films are becoming very attractive materials and have been widely applied in optical and microelectronic fields as graded index films or antireflection coatings, due to their excellent properties, including good photoelectrical characteristics, mechanical property and stability [1∼3] . Generally, SiO x N y film can be deposited in SiH 4 plasmas mixed with other gases, such as N 2 O [4, 5] , N 2 and O 2 [6] , or N 2 , O 2 and NH 3 [7] , in a low pressure plasma-enhanced chemical vapor deposition (PECVD). In recent years, instead of continuous wave (CW) plasmas, a fabrication process has been introduced by pulsing the radio frequency (RF) in PECVD [8] to deposite various thin films with superior film quality, since many advantages can be reaped, including particle size reduction, lower substrate heating and higher deposition rate. In experiments, by adjusting the duty cycle [9, 10] , modulation frequency [11] and dwell time [12] of the pulsed RF power, superior film quality with special chemical composition can be achieved. However, we notice that little work has been devoted to pulsed discharge by modulating the radio frequency signal, for the purpose of SiO x N y film deposition.
On the other hand, different efforts have been made on plasma modeling [6,13∼15] of mixture plasmas. The plasma chemistry of He/O 2 /SiH 4 and He/N 2 O/SiH 4 mixtures, was described by a two-dimensional (cylindrical symmetric) model in Ref. [13] for possible gasphase precursors in SiO 2 deposition. Furthermore, the importance of incorporation of small amounts of air (containing about 82%N 2 and 18%O 2 ) in silane/helium plasma was studied in detail in Ref. [6] , based on a one-dimensional fluid model. Nevertheless, apart from pure gas discharges, studies on mixture gas discharge are relatively insufficient due to the complexity of both the chemical components and the reaction processes. There is still an increasing need for detailed description and prediction of silane plasma, especially for pulsed radio frequency discharge.
In this article, for the purpose of SiO x N y deposition, silane-nitride-oxygen mixture plasma using PECVD technique with pulsed RF source is investigated. The model for describing the system is an extension of the fluid model developed by NIENHUIS and De BLEECKER et al. in Refs. [14] and [15] . Particle density, momentum and electron energy balances, coupled with the Poisson's equation, are included in this model. Related parameters, such as the electric field, particle densities and fluxes, will be incorporated to get selfconsistent simulations.
Model description
The following is the main aspects of the fluid model, including the variations of density and flux for different species j (electrons, positive ions, negative ions and neutral particles),
the Poisson's equation
and electron energy balances
where n j and Γ j are the particle's density and flux, respectively. S j stands for the creation or destruction term of the corresponding particles j due to electron impact collisions with neutrals or by chemical reactions. Besides, µ j and D j are the mobility and diffusion coefficient of species j. In Eq. (3), E and V represent the electric field and potential, ε 0 represents the permittivity of vacuum, while n + , n − and n e are the densities of positive ions, negative ions and electrons, respectively. Furthermore, the electron energy density w e = n e ε and electron energy density flux Γ w are calculated by Eqs. (4) and (5), where ε represents the average electron energy, S w is the loss of electron energy due to electron impact collisions, D e and µ e express the electron mobility and diffusion coefficient which satisfy the Einstein relationship. We have to notice that the particles' flux term is estimated by the drift-diffusion approximation. For each neutral particle j, the diffusion coefficient D ij for every background gas i is firstly calculated by binary collision [16] , then the diffusion coefficient D j in the background gas mixture can be approximated by using the well-known Blancs law [17] . Similar calculation method for ion diffusion coefficients is adopted too. Meanwhile, the mobility coefficient of ions can be derived from the diffusion coefficient via the Einstein relationship. In addition, we know that ions, with heavier mass, cannot follow the instantaneous electric field in the discharge. Accordingly, an effective electric field is taken into account to calculate the physical quantities of ions which compensate the inertia effects originating from their lower momentum transfer frequency. Since many reactions including the electron-neutral, ion-neutral and neutral-neutral reactions are taken into account in this simulation model, an overview of all the different species (molecules, ions, and radicals) involved is given in Table 1 . Si6H13, Si7H15, Si8H17 N2, O2 SiH
A capacitively coupled reactor is adopted, with a distance L = 3 cm between the two electrodes. The total pressure of the mixture gas is 0.9 Torr, and the mixing ratio of discharge gases are (N 2 +O 2 ):SiH 4 =9:1, and N 2 :O 2 =2:1. The temperature of ions in our model is 400 K, the same as that of the gas. The RF source is applied to the lower electrode at x = 0, while the upper electrode at x = L is grounded. Here, we choose to modulate the voltage with a square-wave in which the time dependent voltage can be described by
where α is the duty cycle less than 1, τ is the period of the pulse, V f is the amplitude of the potential, and f = 13.56 MHz is the RF oscillation frequency applied on the driving electrode. In order to comply with usual experimental conditions, the value of V f in Eq. (6) is adjusted and carefully chosen until the dissipated power density p (expressed in W·cm −3 ) at the driving electrode equals the preset constant value. The dissipated power density p is given by the ohmic heating of the charged particles
where k stands for different charged particles. The boundary conditions for charged particles flux are those used in Ref. [18] .
Results and discussion
In the following, we explore the dependence of the plasma parameters on duty cycle, which will be set at four different values as the main variable quantity in our simulation and in the following discussion. In this pulse modulated plasma with the same electric power deposited, the RF voltage V f will be adjusted with different duty cycles. And the following results are all based on the convergence of the fluid model, which ensures that the relative changes of the discharge parameters between two successive modulation cycles are less than 10 −3 . In the following calculation, we set the time averaged deposition power density to 10 mW·cm −3 . Fig. 1 shows the time evolution profiles of the electron number density (n e ) at the center of the discharge for duty cycle α of 0.25, 0.5 and 0.75, together with the case of continuous wave (CW, α = 1), at a 135.6 kHz modulation frequency whose period τ is 7.4 µs. As shown in Fig. 1 for each density over two modulation periods, we can see that the electron densities for different duty cycles are all changing periodically with the time when the power is pulsed modulated, in contrast to the case of CW in which the density keeps almost unchanged. The electron densities generally increase during the on-period of the pulse, and begin to drop during the off-period. However, it is easy to notice that, in the case of α = 0.25, the electron density achieves the largest value of about 13.5 × 10 9 cm −3 . And then, the maximum values of the electron density decreases evidently with the increase of the duty cycle α. The lowest but uniform electron density can be obtained in the case of CW. The reason is that as the dissipated power density is fixed here, the applied RF voltage of course decreases with longer on-time, resulting in lower electron density. This suggests that pulsed discharges can have much lower average power flows than CW discharges for the same precursor density. These phenomena can also be explained by the electron temperature variation, as shown in Fig. 2 , in which the time evolutions of the corresponding electron temperature T e at the center of the discharge are presented for different duty cycles, as well as the electron temperature of the steady state in the case of CW. The same as the electron density shown in Fig. 1 , the electron temperature remains a constant in the CW case. But being pulsed, the electron temperature responds and exhibits a quite dynamic behavior with respect to the modulated power. It can be observed in Fig. 2 that, for the lowest duty cycle α = 0.25, the electron temperature rises instantly from 0.9 eV to its peak value (1.8 eV) within the rise time, roughly 1 µs, while it decreases relatively slowly until the power is turned off, at which point it drops rapidly to a value of about 0.9 eV. This is because when the power is turned off, the electrons will lose energy in the collisions, rather than obtain energy from the electric field. Similar calculation results can be referred to in nitrogen [19] and argon [20] discharges under pulsed power modulation, on the basis of global model. In addition, the electron temperature seems much less dynamic when the duty cycle approaches to 1. Meanwhile, the peak value of the electron temperature is getting close to the steady value in CW case, and can sustain much longer time. Fig.2 Time variation of electron temperature Te at the center of the discharge for different duty cycles over two pulsed periods, with the same settings as those adopted in Fig. 1 As is well known, the electrons with small mass can instantaneously respond to and get energy from the changing electric field as soon as the pulse is "on", and then the plasma can be sustained by electron ionization. Thus, the plasma density in the discharge rises definitely, following the sharp increase of the electron temperature as the power is on. While the pulse is "off", there is no external field to accelerate the electrons, and the electron production is thus reduced due to the decreasing electron temperature. Thus, the accumulation of charged particles arising from the relatively higher voltage compared with the CW case gives rise to higher plasma densities in pulsed modulated RF plasma. It can be seen from the above two figures that both the electron density and temperature are greatly changed when the duty cycle is controlled at a fixed modulation frequency with the same deposition power.
In order to gain a better understanding of the properties of the pulsed SiH 4 /N 2 /O 2 plasma, we present the gas electronegativity and ion energy in the following two figures. Firstly, Fig. 3 shows the gas electronegativity n SiH /n e at the powered electrode as a function of the duty cycle. As the major negative ion, SiH . Note that the value of electronegativity decreases rapidly from 2.5 to 0.5 with increasing duty cycle. Especially when α = 0.25, the density of SiH − 3 is more than twice of the electron density. So, it can be concluded that the density of SiH − 3 at the powered electrode increases much faster than the electron with decreasing duty cycle, implying that much more SiH − 3 particles run away from the plasma to the wall during the off time.
Then Fig. 4 shows the positive ion bombarding energy at the powered electrode versus the duty cycle. It is noticed that the ion energy becomes larger as the duty cycle increases. Meanwhile, SiH + 3 appears to have the largest positive ion energy with the energy of about 4.5 eV at the duty cycle α = 1.0, while O + has the lowest value of ion energy. When α = 0.25, lower ion energy can be achieved, in the meantime both the electron density and electron temperature can reach relatively high peaks, as shown in Figs. 1 and 2 . Thus, from the simulation, we can choose proper duty cycle to get higher charged particle densities at the same deposition power density p, while avoid the damage to wafers induced by high ion energy bombardment, which has a positive effect on thin film deposition. /ne at the driving electrode of the discharge as a function of the duty cycle, τ = 0.74 µs, p = 10 mW·cm −3 , P = 0.9 Torr and Tgas = 400 K Fig.4 Variation of the positive ion bombardment energy at the driving electrode as a function of the duty cycle, with the same settings as those adopted in Fig. 3 
Conclusions
In summary, by using a one-dimensional fluid model, we investigate the time variation of plasma parameters in SiH 4 , N 2 , and O 2 mixture plasmas driven by pulse modulated RF source. The evident dependence of the electron density and temperature on the duty cycle is discussed. And it is also noted that the electronegativity at the powered electrode can be increased with the decrease of the duty cycle. In addition, the energy of all the positive ions can be lowered by choosing proper duty cycle. Compared with the case of continuous RF processes, pulsed discharge offers possibility of improving discharge efficiency and controlling chemical reactions in the plasma by changing the pulse parameters. Thus the plasma can be more adjustable and controllable under pulse discharge, and these variations are apt to provide better conditions for material processing and thin film deposition. However, the pulsed discharge still need further and complete understanding through theoretical simulation and experimental validation.
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